The perception of disgust is a powerful but yet puzzling emotion, aiming at the prevention of potential microbial pathogens and being directly linked to olfactory processing in its neurophysiological pathways via the anterior insular cortex. In sample of healthy participants with a natural variation in olfactory function, we investigated the relation between olfactory sensitivity and disgust perception. A total of 123 healthy individuals were surveyed with a disgust sensitivity questionnaire. Olfactory threshold was assessed in all participants using the Sniffin' Sticks. Additionally, tactile 2-point discrimination threshold was tested in a subgroup of the participants as a controlling factor for the specificity of the relationship between olfactory sensitivity and disgust. Only in men, a significant relation between disgust ratings and olfactory threshold was observed. Men with high olfactory sensitivity reported as high levels of disgust as female participants, while men with low olfactory sensitivity reported significantly lower disgust than women. There was no such relation for tactile sensitivity. Investigating sensory subscales of the disgust questionnaire, olfactory sensitivity was related to olfactory and tactile, but not to visual disgust ratings. In conclusion, there is a specific relation between the level of disgust and olfactory sensitivity in men, who generally present lower values of disgust than women. When disgust ratings are low, there seems to be an additional merit in the ability to perceive subtle olfactory stimuli. Thus high olfactory sensitivity may facilitate the perception of potential pathogenic threats and contribute to the evolutionary function of disgust as disease avoidance mechanism.
Introduction
The main function of disgust is prevention of disease (Stevenson et al. 2009 ) and hence the emotion of disgust motivates the organism to avoid potential disease carriers. In order to fulfill this function, objects potentially carrying a disease need to be identified and responded to with the typical disgust behavior (Darwin 1872) . This behavior includes withdrawal from the object, a characteristic mimic expression, and an autonomic response which prepares the body to regurgitate potential dangerous objects such as spoiled food being one of the major examples.
Potentially infectious pathogens are identified through sensory channels, with olfaction being one of the most prominent. Disgust is reliably evoked by odors (Alaoui-Ismaili et al. 1997; Bensafi et al. 2002; Croy et al. 2011 ) and such olfactory evoked disgust remains strong even after multiple presentations (Croy et al. 2013 ). In contrast to disgust evoked by visual cues for instance, olfactory evoked disgust is strongly tied to autonomic function and provokes a decrease of systolic blood pressure (Croy et al. 2013) .
However, olfactory disgust does not follow a strict stimulusresponse path, but allows for certain flexibility in order to adapt to the environmental conditions. Disgust towards certain food for instance is shaped by parent's food choice (Fallon et al. 1984) and core disgust responses are acquired early in development ). Another such example for flexibility are feces of a strangers baby smelling more disgusting than fees of the own's baby (Case et al. 2006 ). This so-called source effect moderates disgust perception by the knowledge of the origin of an object (Stevenson and Repacholi 2005) .
The link between olfaction and disgust is underpinned by neurological pathways. In contrast to other senses, most fibers of the olfactory system bypass the thalamus and project directly into the limbic system with further projections to the anterior insular cortex (Gottfried 2006; Kelly et al. 2012) . The anterior insula cortex is not only one of the primary cortical areas for chemosensory processing, but also for the processing of disgust (Wicker et al. 2003) . Olfactory evoked disgust does not only provoke withdrawal from the disgusting odor: Via cross-sensory interactions between the olfactory pathways and the somatosensory cortex, olfactory disgust moderates the neural processing (Croy et al. 2016 ) and the perception (Croy et al. 2014 ) of tactile stimulation, leading to touch being perceived as less pleasant when accompanied with an subjectively disgusting odor.
Interestingly, there are no gender differences in the neural response to disgust, (Schienle et al. 2005) . This is contrasted by enhanced self-report disgust states (Rohrmann et al. 2008 ) and traits (Druschel and Sherman 1999) in women. Women respond in general more strongly to both positive and negative emotions and experience and express emotions more intense than men (Grossman and Wood 1993) .
Taken together, olfactory processing and perception are highly important for the emotion of disgust and it might even be one of the key function of the olfactory system to warn about microbial threats by evoking disgust (Stevenson 2010) . We therefore wondered whether olfactory sensitivity may relate to disgust perception. It has been recently shown, that dysosmic (anosmic and hyposmic) male patients in comparison with normosmic men exhibit a lowered tendency to experience spoilage related disgust and enhanced hygiene related disgust (Ille et al. 2016 ). This enhanced disgust to violations of hygiene is interpreted with the common worries about body odors in such patients. We extended this approach by examining olfactory sensitivity (threshold) and proneness to disgust in a rather large sample of healthy participants with a natural variation of olfactory sensitivity. This has the advantage of disgust not being influenced by potential worries related to a loss of olfactory function and it allows for sex-differentiated analysis. We hypothesized that disgust sensitivity positively correlates to olfactory sensitivity. Further, we hypothesized that olfactory sensitivity relates not only to disgust evoked by odors but generalizes to various disgust elicitors.
Methods

Participants
A total of 123 healthy volunteers participated in the study (76 women, 47 men; age range 18-59 years, mean = 27.8 years; SD = 8.7 years). Most of them were graduate students or members of the Technical University of Dresden. Completion of a detailed medical history form by each participant enabled confirmation of good physical health. Detailed structured interview [structured clinical interview for DSM-IV (SCID) (Wittchen et al. 1997) or patient health questionnaire (PHQ) (Spitzer et al. 1999) ], respectively, ensured good mental health in each participant. 
Procedure
Data from 2 studies were aggregated. In both studies, olfactory threshold and disgust (see below) were assessed. This was done in order to reach a sample size large enough for sex differentiated analysis. Subjective health issues served as exclusion criteria and detailed medical history was obtained from each participant. Importantly, none of the participants reported subjective constrains of olfactory function.
Study 1 was designed in order to compare olfactory sensitivity and disgust perception. Here, 43 participants (25 women, 18 men, aged 19-59, mean 33.4 ± 11.6 years SD) were tested for olfactory threshold and filled out the disgust questionnaire [German version "Fragebogen Ekelerleben" FEE (Schienle et al. 2002) , see below]. Further, participant's mental health was assessed via detailed structured interview (SCID). In study 2, 80 participants (51 women, 29 men, aged 18-36, mean 24.7 ± 4.0 years SD) performed a test for tactile stroking and discrimination perception (psychophysiological testing), similar to (Jönsson et al. 2015) and answered questionnaires about personality and sexual behavior as well as the disgust questionnaire (FEE, see below). Olfactory threshold was assessed for control purpose after tactile testing and before administration of the questionnaires. Participants were screened for mental health using the PHQ questionnaire (Spitzer et al. 1999 ). Controlling for effects of age and gender, participants of both studies did not differ in olfactory threshold (P = 0.99) or overall disgust (P = 0.20).
Olfactory threshold was assessed with a validated and reliable forced multiple choice paradigm using the Sniffin' Sticks testing kit [Burghart GmbH; compare (Hummel et al. 2007a; Hummel et al. 2001) ]. Here, triplets of pens, filed with diluent only or a diluted odor [phenyl ethyl alcohol diluted in propylene glycol (Croy et al. 2009 )] are presented. One of the pens always contains the odor, while the other 2 contain the dilution only and participants are required to always choose the pen that contains the odor. Two consecutive right choices trigger presentation of a triplet with higher dilution step, one wrong choice leads to presentation of a triplet with lower dilution step. The procedure is repeated for 7 such turning points. The olfactory threshold is averaged over the last 4 turning points and can reach a value from 0 (lowest dilution) to 16 (highest dilution), whereby high numbers indicate high olfactory sensitivity. Two-point discrimination was assessed on the forearm for participants of study 2 and is included here in order to control whether a potential relationship between olfactory sensitivity and disgust is specific for the domain of olfaction or extends to tactile perception. Two-point discrimination was assessed with a metal device with 2 tips in alterable distances. The mean threshold on the forearm of young and healthy individuals is approximately 30-45 mm (Nolan 1982) . Therefore, examination conducted featuring the 2 tips of the divider in decreasing altered distances in steps of 0.5 cm (5, 4.5, 4, 3.5 and 3 cm) and it was assessed at which distance the 2 stimuli could not be distinguished qualitatively in at least 1 out of 5 attempts. The 2-point discrimination threshold represents the minimal distance within which a participant could distinguishable both tips of the divider.
The participants were asked to close their eyes for both sensory assessments.
Disgust was assessed with the German questionnaire for the assessment of disgust sensitivity [FEE (Schienle et al. 2002)] , that is based on the English disgust sensitivity questionnaire (Haidt et al. 1994 ). This German version consists of 37 items formulated as statements of various disgust situations and the participant is required to agree to those statements on a 5-point Likert scale with the anchors "0-not disgusting" and "4-very disgusting." In the original versions, the items form 5 subscales (death, body secretions, hygiene, spoilage, oral rejection) and the questionnaire's structure was confirmed via factor analysis. Reliability of the questionnaire is good (Cronbach's = 0.90), validity was shown in several studies; for instance, participants high on disgust sensitivity obtain stronger facial disgust expression (Rohrmann et al. 2004 ) and have higher likelihood for spider and blood injectioninjury phobia (Oßwald and Reinecker 2004) . As most of the statements are formulated as sensory statements (e.g. "You smell the odor of vomit"; "You observe someone vomiting"; "You touch a dead body"), we used this questionnaire to assess sensory specific disgust.
Statistical analysis
All statistical analyses were made using the Statistical Package for the Social Sciences (SPSS) Statistics for Windows, Version 22.0 (IBM; Armonk). The items of the FEE questionnaire were averaged according to the targeted sense of disgust perception to 3 sensory subscales. Items 3, 5, 9, 18, 22, 25, 28 , and 31 formed the olfactory disgust subscale, items 1, 10, 12, 19, 20, 27, 29, 34 , and 35 the visual disgust subscale and items 13, 14, 17, 26, 30 , and 32 the tactile disgust subscale. The reliability of those new scales was analyzed using Cronbach's Alpha. In addition, the conventional subscales of death, body secretions, hygiene, spoilage, oral rejection were computed as well as the overall disgust.
In order to allow for examination of olfactory sensitivity, participants were divided into 2 groups of equal size according to their olfactory threshold. The 61 participants in the low sensitivity group (36 women, 25 men, aged 18-59, mean age 28.9 ± 9.8 years SD) obtained an olfactory threshold ranging from 0 to 8.75 with a mean of 5.9 ± 2.3 points SD. The 62 participants in the high sensitivity group (40 women, 22 men, aged 18-56, mean age 26.7 ± 7.3 years SD) obtained an olfactory threshold ranging from 9 to 16 with a mean of 11.5 ± 1.9 points SD. Both groups did not differ according to sex (P = 0.9) and age (P = 0.15).
A univariate analysis of variance was computed with the between-subject factors of group (low vs. high olfactory threshold) and sex (2) and the overall disgust as a target. Sex was included into the model because overall disgust is higher in females (t = 3.9; df = 121; P < 0.001; compare Table 1 ) and women typically outperform men in olfactory sensitivity (Hummel et al. 2007b) . Post hoc tests were performed with t-tests for independent samples.
Bivariate parametric correlation analysis was performed between the overall disgust and the olfactory threshold, separately for men and women. In order to check, whether the significant relation between olfaction and overall disgust in men was solely based on dysosmia, participants with a threshold below 6 [resembling the lowest 10th percentile of olfactory threshold in the general male population (Hummel et al. 2007b )], were excluded and the Pearson correlation between olfactory threshold and overall disgust was computed for the remaining male participants.
For control purpose, the same ANOVA as for olfactory sensitivity was repeated with tactile sensitivity as independent measurement for participants of study 2 (low tactile sensitivity: N = 36; 17 women, 19 men; high tactile sensitivity: N = 44; 34 women, 10 men).
Following, multivariate analyses of variance (ANOVA) were computed with the between subject factors of group (low vs. high olfactory sensitivity) and sex (2). In model 1, the 5 conventional subscales of the FEE were included as within subject effects. In model 2, the 3 sensory subscales of the FEE (olfactory, visual, and tactile) were included as within-subject effects.
Results
There was a significant main effect of olfactory sensitivity on overall disgust ratings (F[1,122] = 11.1, P = 0.001, η 2 = 0.09, compare Table 1 ) with people being high on olfactory sensitivity being more prone to disgust. Further, women obtained higher disgust ratings than men (F[1,119] = 15.6, P < 0.001) and there was a significant sex by olfactory sensitivity interaction (F[1,119] = 8.3, P = 0.005), showing that olfactory sensitivity relates to disgust ratings in men, but not in women. While men with low olfactory sensitivity obtained a significantly lower disgust than men with high olfactory sensitivity Scales, where a significant main effect of olfactory sensitivity was observed, are displayed in bold.
(t[45] = 3.9, P < 0.001), in women there was no significant effect of olfactory sensitivity on the overall disgust (P = 0.71, compare Figure 1 ). Correlation analysis was in line with no effect of olfactory threshold on disgust ratings in women (P = 0.90), but a significant effect in men (r = 0.36, P = 0.013, compare Figure 2) . Importantly, this correlation in men was not based on dysosmic participants: The relation between olfactory threshold and overall disgust remained stable, when excluding dysosmic participants(r = 0.46, P = 0.005).
For the control measurement of tactile sensitivity, there was no significant main effect on overall disgust ratings (F[1,79] = 0.8, P = 0.37) and there was a no significant sex by tactile sensitivity interaction (F[1,79] = 3.7, P = 0.06). In line, there was no significant effect of tactile sensitivity on the overall disgust rating, neither for men (P = 0.09) nor for women (P = 0.4).
For the sensory scales, olfactory disgust was generally rated higher than visual and tactile disgust. However, as the scales contain different content items, they should not be directly compared to each other. The reliability of those scales was acceptable for olfactory disgust (α = 0.70) and visual disgust (α = 0.76), but not for tactile disgust: (α = 0.65). There was a significant main effect of olfactory threshold (F[3,117] = 8.2, P < 0.001, η 2 = 0.18) with people high on olfactory sensitivity reporting a higher sensory disgust. Within subject analysis revealed a significant main effect of olfactory sensitivity on olfactory disgust (F[1,119] = 16.5, P < 0.001) and on tactile disgust (F[1,119] = 8.4, P = 0.004), but not on visual disgust (P = 0.08). Further, there was a significant interaction between sex and olfactory sensitivity for olfactory (F[1,119] = 5.3, P = 0.027) as well as tactile (F[1,119] = 8.1, P = 0.005), but not for visual disgust (P = 0.26). Post hoc tests revealed that olfactory sensitivity relates to sensory disgust ratings in men (olfactory disgust: t[45] = 3.7, P = 0.001; tactile disgust: t[45] = 3.7, P = 0.001), but not in women (olfactory disgust: P = 0.13, tactile disgust: P = 0.96, compare Table 1) .
Focusing on the conventional scales, there was a significant, but weaker, effect of olfactory sensitivity on disgust ratings (F[5,115] = 3.3, P = 0.007, η 2 = 0.13). Further, there was a significant main effect of sex (F[5,115] = 6.4, P < 0.001, η 2 = 0.22), but no significant sex by olfactory sensitivity interaction (F[5,115]=1-9, P = 0.09, η 2 = 0.08). The within-subject variables showed a significant main effect of olfactory sensitivity on the subscales death (F[1,119] = 9.9, P = 0.002), body secretions (F[1,119]=7.5, P = 0.007) and hygiene (F[1,119] = 9.7, P = 0.002), with each of them rated higher in case of high olfactory sensitivity. No significant differences were obtained in the domain of spoilage (P = 0.09) and oral rejection (P = 0.12).
Discussion
In line with the hypothesis, olfactory sensitivity was related to disgust ratings. As odors serve as a warning system for microbial threats via the emotion of disgust (Stevenson 2010) , a good perception of odors was found to be related to enhanced disgust. This is in line with the recent study showing that dysosmic male patients had lower disgust towards spoilage than normosmic men (Ille et al. 2016 ). In our sample, the effect was even more pronounced and remained stable after exclusion of dysosmic individuals. Therefore, it seems to be rather the ability to perceive subtle odors than the lack olfactory perception that relates to disgust. In contrast to the patient-based study (Ille et al. 2016) , we found no negative correlation between hygiene-related disgust and olfactory sensitivity. The reason might be that our participants did not report any subjective impairments of olfactory function, although some of them had very low olfactory sensitivity when tested. This supports the author's assumption that hyposmic persons compensate for worries about body odor by enhanced awareness of violations of hygienic rules. As our participants were not aware of any smell deficit, they did not compensate for it.
However, we observed no significant relation between disgust ratings and our control assessment of 2-point discrimination. We hence assume that there is indeed a special relation between olfaction and disgust, which is not sufficiently explained by more general factors, such as social desirability or motivation. Limiting our results, the olfactory threshold was obtained with butanol, an odor normally not perceived as particularly disgusting. We assume however that the correlation between disgust perception and olfactory sensitivity is stable for other odors as well. The reasons are, that butanol is an odor with very low rates of specific anosmia , olfactory sensitivity obtained with butanol correlates with the sensitivity obtained with phenyl ethyl alcohol (Croy et al. 2009 ) and olfactory sensitivity obtained with butanol reliably distinguishes normosmic from hyposmic and anosmic individuals (Hummel et al. 2001; Hummel et al. 2007a) . However, studies using other odors are warranted in order to rule out with certainty that the correlation between disgust perception and olfactory sensitivity is odor-specific.
Due to the descriptive nature of the study, we cannot conclude about causal effects. It is possible that enhanced olfactory sensitivity leads to enhanced attention to potentially dangerous olfactory objects in the environment. This may in turn foster disgust against a variety of objects. On the other hand, the opposite pathway is reasonable as well: enhanced disgust may make people more attentive to odors [compare (Chan et al. 2016) ]. Such increased attention may enhance turnover rate of olfactory receptor neurons at the olfactory epithelium, which is mediated by the olfactory bulb and by that positively affect olfactory sensitivity. Such a mechanism is assumed to be the foundation of why smell training significantly improves olfactory function Schriever et al. 2014) .
Comparing the sensory subscales, we found olfactory sensitivity to be related to olfactory and tactile, but not to visual disgust. One has to be careful with this interpretation as we built these subscales retrospectively and the questionnaire is not designed for the purpose of assessing different types of sensory disgust. Therefore, the internal consistency was questionable for tactile disgust. However, we feel this approach opens interesting hypothesis. It fits for instance well, that olfactory sensitivity relates not only to olfactory evoked disgust but extents to tactile disgust. This is in line with the observation of olfactory disgust changing the processing of tactile stimuli (Croy et al. 2016) . More sensory integration studies on disgust are clearly warranted here. For instance, would it be interesting to examine if low sensory specific disgust in one domain is compensated by high disgust in another.
For the conventional disgust scales, we observed a significant effect for the scales of death, body secretions and hygiene. However, for each of the disgust scales, conventional, as well as sensory scales, the high olfactory sensitivity group always outperformed the low sensitivity group in disgust ratings.
Interestingly, post hoc testing showed significant olfaction-disgust relations in men only. This may be due to the generally enhanced disgust ratings we observe-in line with another study (Rohrmann et al. 2008 )-in women compared to men. Women are typically more responsive to various emotions (Grossman and Wood 1993) and elevated disgust proneness in women promotes avoidance of potential pathogens for the offspring. In line, disgust sensitivity is related to reduced infection rate (Stevenson et al. 2009 ). In our sample, 25% of women reported an overall disgust of below 2 (very low), while 50% of men reported such a value below 2. This wider spread in low ratings might be the cause, why the association between olfactory sensitivity and disgust ratings was more pronounced in men than women. We assume that olfactory sensitivity does not contribute to disgust, if disgust ratings are high anyhow. When disgust sensitivity is however low, there seems to be an additional merit in the ability to perceive subtle olfactory stimuli. As women have higher disgust sensitivity in general the relation between olfaction and disgust is not as present as in men.
Taken together, olfactory sensitivity relates to disgust proneness and extends from purely olfactory based items to other modalities such as touch. A sensitive sense of olfaction facilitates the detection of potential sources of pathogens and contributes to the evolutionally function of disgust as disease avoiding mechanism.
